Abstract-Effects of inhalation of volatilized trichloroethylene (TCE) or perchloroethylene (PCE) were assessed based on the health and population size of wild, burrowing mammals at Edwards Air Force Base (CA, USA). Organic soil-vapor concentrations were measured at three sites with aquifer contamination of TCE or PCE of 5.5 to 77 mg/L and at two uncontaminated reference sites. Population estimates of kangaroo rats (Dipodomys merriami and D. panamintinus) as well as hematology, blood chemistry, and histopathology of kangaroo rats and deer mice (Peromyscus maniculatus) were compared between contaminated and uncontaminated populations. Maximum soil-gas concentrations associated with groundwater contamination were less than 1.5 l/L of TCE and 0.07 l/L of PCE. Population estimates of kangaroo rats were similar at contaminated and reference sites. Hematology, blood chemistry, and histopathology of kangaroo rats and deer mice indicated no evidence of health effects caused by exposure. Trichloroethylene or PCE in groundwater and in related soil gas did not appear to reduce the size of small mammal populations or impair the health of individuals.
INTRODUCTION

At Edwards Air Force Base (EAFB), located in the Mojave
Desert of southern California (USA), contamination with volatile organic compounds (VOCs) from accidental spills of hydrocarbon-based solvents is a primary concern. Solvents, such as trichloroethylene (TCE) and perchloroethylene (PCE), were used for degreasing metal and are the most widespread contaminants in groundwater on the base [1] . Levels of TCE or PCE in groundwater and soil vapor at EAFB were among the highest reported in a natural environment [2, 3] . Both TCE and PCE are commercially used for dry cleaning and are the most commonly reported VOCs in groundwater in the United States [2, 3] . Aquifers contaminated with VOCs volatilize gasses that migrate through the vadose zone (i.e., the zone of aeration in the earth's crust above the groundwater level) to the surface. Burrowing organisms, including small mammals, may be exposed to relatively high levels of these VOCs by inhalation within their burrows [4] . Kangaroo rats (Dipodomys merriami and D. panamintinus) and deer mice (Peromyscus maniculatus) are common small mammal species found on EAFB and have been suggested to be exposed to these VOC gasses in their burrows [1] .
Effects of TCE and PCE on small mammals are well documented in the laboratory [2, 3] . At high, continuous inhalation levels, TCE (median lethal concentration ϭ 12,500 l/L Sprague-Dawley rats) and PCE (median lethal concentration ϭ 1,750 l/L Fischer-344 [F344] rats and 5,200 l/L mouse strain not specified) were lethal to laboratory rodents [2, 3] . Trichloroethylene or PCE can have negative reproductive effects on laboratory rats and mice (Sprague-Dawley and F344/ * To whom correspondence may be addressed (sarahspring@usgs.gov).
N rats, B6C3F 1 mice, and a nonspecified mouse strain), including decreased weight gain, decreased litter size, increased pup mortality, and cellular abnormalities in liver, kidney, lungs, and other organs [2, 3] . High levels of PCE or TCE exposure can have anesthetic effects on laboratory rodents (e.g., hypoactivity and ataxia) [5] .
Ecological risk assessment often requires extrapolation of contaminant effects from laboratory experimentation to the field [6] . Laboratory studies only provide a compartmental understanding of natural systems, whereas the key question in natural environments is whether contaminants adversely affect wildlife populations. Small mammal populations may be influenced by many stressors, including climatic variation, food and water availability, predation pressure, and disease. Contaminant exposure may compromise an animal's physical condition and, ultimately, cause population changes, such as decreased reproduction or increased susceptibility to disease or predation [6] .
To our knowledge, effects of TCE and PCE on physiology or demography of wild small mammals have not been reported. Wild animal populations are subject to multiple stressors not imposed on laboratory animals. These stressors, coupled with chronic exposure to sublethal levels of contaminants, may have adverse effects on individual or population health not discernable by typical laboratory studies [7] . The objective of the present study was to determine the effects of TCE and PCE inhalation on wild rodents (kangaroo rats and deer mice) living above contaminated groundwater at EAFB. These effects may be manifested as changes in population size or composition or in individual health patterns. Specifically, we compared demography, hematology, blood chemistry, and incidence of lesions found in various tissues among sites with and without underlying plumes of TCE or PCE. 
MATERIALS AND METHODS
Site characterization
Three sites with TCE-or PCE-contaminated groundwater and two biologically similar reference sites were selected for study (Fig. 1) . One contaminated site, located within a creosote bush (Larrea tridentata) vegetative community, was designated Creosote Bush site (CBS), and the reference site (RS) was designated CB-RS. Both sites were characterized by creosote bush scrub and a dense desert pavement [8] . The other two contaminated sites, Joshua Tree 1 (JT1) and Joshua Tree 2 (JT2), and the corresponding reference site (JT-RS) were within Joshua tree (Yucca brevifolia) woodlands with loose, sandy soil [8] . Vegetative communities were characterized and percentages of sand, silt, and clay in soil samples determined to confirm similarity between contaminated and reference site habitats [9] .
Organic vapor concentrations were measured at all sites. Kangaroo rat burrows are complex structures, with multiple entrances and exits, and they vary in length and depth [10, 11] . To standardize soil-gas readings, artificial burrows made of contaminant-free cardboard (confirmed by gas chromatographic analysis) were installed at each site. To simulate soil-gas exposure conditions of captured rodents, artificial burrows were constructed to simulate the average depth (50 cm) and size (diameter, 10 cm; height, 15 cm) of kangaroo rat nest chambers [12, 13] . The artificial burrow chamber was constructed from a cardboard cylinder (diameter, 10 cm; height, 15 cm). Two cardboard pieces were used for the top of the chamber, and a cardboard tube (length, 75 cm; diameter, 6 cm) was used to simulate an exit tunnel. Metal screen material was fixed to the opening of the exit tunnel to prevent access by animals.
At each site, 20 artificial burrows were installed at 50-m intervals along two 450-m transects. Transects were positioned to bisect a gradient of soil-gas concentrations using existing groundwater plume characterization (Fig. 2) . The two transect lines were parallel and separated by approximately 100 m. Transects were similarly configured at reference sites. Because transects were installed along a gradient of soil-gas conditions and because soil-gas measurements are expected to range from low to high, both maximum and average detected levels are reported. Passive soil-gas sampling was conducted in May and November 2000 using EMFLUX collection cartridges (Beacon Environmental Services, Forest Hills, MD, USA [reference to commercial institutions or products does not constitute endorsement]). The EMFLUX cartridges contain VOC-absorbing carbon that can be analyzed using gas chromatography and mass spectrometry (U.S. Environmental Protection Agency [U.S. EPA] Methods SOIL-GAS 600/2-87-027). The EM-FLUX cartridges were deployed into 20 artificial burrows at each contaminated site and 10 randomly selected artificial burrows at each reference site. The cartridges remained in the burrows for 72 h and were then retrieved and immediately sent to Beacon Environmental for analysis. To verify the EMFLUX technique, active soil gas was measured using Summa canisters (Anderson Samplers, Atlanta, GA, USA; U.S. EPA Method TO-14). Active soil gas was measured for five randomly selected artificial burrows at each contaminated site and for two artificial burrows at each reference site. Summa canister samples were collected for a 24-h period and then sent to EarthTech Environmental (San Jose, CA, USA) for analysis. In addition to TCE and PCE, samples were analyzed for potentially harmful breakdown products, 1,1-dichloroethene (1,1-DCE) and cis-1,2-dichloroethene (cis-1,2-DCE).
Small mammal demography and pathology
Composition and population size of the small rodent community was assessed using mark-recapture methods [14] . In April/May and November 2000 and in May and October 2001, small mammals were trapped at each site for seven consecutive nights. One hundred Sherman live traps were placed along each artificial burrow transect line used for soil-gas surveys; the area trapped at each site was 550 ϫ 150 m, totaling 8.25 ha. Five traps were arranged at each artificial burrow in a crosspattern: The central trap was placed within 5 m of the burrow, and the others were placed 15 to 20 m north, south, east, and west of the central trap. Traps were placed close to existing natural burrows, runways, or under vegetative cover to maximize catch efficiency. Traps were baited with two to three tablespoons of millet and contained a small bundle of cotton batting for warmth and comfort. Traps were opened at sunset, checked as quickly as possible at sunrise, and then closed until the following evening. Traps were not opened if rain was imminent.
On capture, rodents were identified and measured (body length, tail length, and mass). Sex was determined, and general condition (e.g., external parasites, lesions, wounds, scars, reproductive condition) was noted. To facilitate identification on recapture, individual kangaroo rats were marked with a passive integrated transponder (PIT tag), and deer mice were marked with fur dye in the year 2000 and with a numbered ear tag in the year 2001. After marking, rodents were released at the point of capture.
Species composition and body mass for the most commonly occurring species were compared between reference and contaminated sites. Because trapping success can be correlated with seasonal food abundance or body mass [15] , we evaluated the correlation between trap success (i.e., number of captures divided by trap nights) and average adult kangaroo rat body mass per trap session for Merriam's and Panamint kangaroo rats. Body mass and trap success were log-transformed to satisfy parametric assumptions of normality and homogeneity of variances. The software program MARK (Version 2.1; Colorado State University, Fort Collins, CO, USA) was used to calculate population estimates using the closed population model. The program calculates parameter estimates via numerical maximum-likelihood techniques from individuals previously marked and released and then recaptured. Population estimates were compared between contaminated sites and the corresponding reference sites using likelihood-ratio (LR) tests and Akaike information criterion (AIC) values [16] .
Based on the first season of trapping, the most abundant mammal species (kangaroo rats and deer mice) were selected as representative taxa for histopathologic analyses. In spring 2000, 58 small mammals were killed for blood and tissue samples (25 Merriam's and 22 Panamint kangaroo rats and 11 deer mice). Animals were killed via carbon dioxide inhalation (a safe and humane, preferred method) and were necropsied at a field laboratory at EAFB. Depending on the species, approximately 1 to 3 ml of blood were collected in ethylenediamine-tetraacetic acid Vacutainer tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ, USA) via heart puncture and then refrigerated. Ethylenediamine-tetraacetic acid is an anticoagulant and is used so that blood chemistry parameters may be measured on whole blood. Tissues were preserved in 10% buffered formalin at room temperature. [17] [18] [19] . Blood values were tested for normal distribution and compared among species and sites (i.e., contaminated and reference) using analysis of variance (ANOVA) and t tests. Liver, lung, spleen, kidney, brain, pancreas, heart, thyroid, and gonads were sectioned and analyzed for lesions, cell necrosis, tumors, and any evidence of carcinogenicity by pathologists at CPL. As verification of quality assurance and control, a subset of tissue sections also were submitted to IDEXX Veterinary Services (Sacramento, CA, USA), a commercial pathology laboratory. Frequency of lesion occurrence was compared between sites and species using a chi-square approximation of the Wilcoxon Kruskal-Wallis rank sum test, and power analysis was calculated for each test.
RESULTS
Site characterization
Using the passive EMFLUX method, maximum and average (in parentheses) soil-gas concentrations (nl/L) of TCE were 24.88 (8.75) at CBS, 0.08 (0.04) at JT1, and 6.29 (1.06) at JT2. Maximum soil-gas concentrations (nl/L) of PCE in artificial burrows were 6.14 (1.27) at JT1 and 0.11 (0.03) at JT2. Perchloroethylene was not detected at CBS. No difference between season was detected at any site (ANOVA, p Ͼ 0.05, df ϭ 1). Soil-gas samples at reference sites were less than An asterisk indicates significant differences between treatment and reference sites (see Table 1 ). Concentrations of soil gas via the active soil-gas method (Summa canister) were similar in pattern but greater in magnitude than those measured with the passive method (EM-FLUX). This observed pattern is similar to that reported in the U.S. EPA Environmental Technology Verification Program for the EMFLUX soil-gas system [20] . Maximum and average (in parentheses) soil-gas concentrations (nl/L) of TCE reported for the Summa canister were 1,500 (764.57) at CBS, 0.63 (0.33) at JT1, and 160.0 (56.8) at JT2. Maximum soil-gas concentrations (nl/L) of PCE were 67.0 (31.92) at JT1 and 0.55 (0.48) at JT2. Perchloroethylene was not detected at CBS. Soil-gas samples at reference sites were less than detection limits (0.01 nl/L) for both TCE and PCE.
Small mammal demography
Kangaroo rat body mass did not significantly differ between sites (ANOVA, p Ͼ 0.05, df ϭ 4) and was averaged for each species across sites for each season. Trap success did not significantly differ between sites (ANOVA, p Ͼ 0.05, df ϭ 4) or species (ANOVA, p Ͼ 0.05, df ϭ 1) and was averaged for each season across sites and species. Body mass was inversely correlated to trap success (r ϭ Ϫ0.80, p Ͻ 0.0001) for Merriam's kangaroo rats across time for all sites (Fig. 3) 
Blood and histopathologic analyses
The frequency of lesions in liver, lung, spleen, kidney, brain, pancreas, heart, thyroid, and gonads among Merrriam's (n ϭ 25 animals) and Panamint (n ϭ 22 animals) kangaroo rats did not differ (Wilcoxon Kruskal-Wallis rank sum test, p Ͼ 0.05, df ϭ 4). The frequency of lesions in kangaroo rats among contaminated and reference sites did not differ (Wilcoxon Kruskal-Wallis rank sum test, p Ͼ 0.05, df ϭ 4). The occurrence of steroid hepatopathy, lung microgranulomas, peribronchial lymphocytic aggregates, extramedullary hematopoiesis, and chronic mild interstitial nephritis reported in tissues of both species of kangaroo rats was not different in contaminated and reference sites (Wilcoxon Kruskal-Wallis rank sum test, p Ͼ 0.05, df ϭ 4) ( Table 2 ). Incidence of pathologies was low in deer mice. The occurrence of microgranulomas and peribronchial lymphocytic aggregates was low or none in deer mice from contaminated and reference sites ( Table 2) . No other substantial abnormalities, pathologies, or evidence of carcinogenicity were noted.
No differences were detected regarding blood chemistries or blood indices in kangaroo rats from contaminated and reference sites (t test, p Ͼ 0.05, df ϭ 1) ( Table 3 ). Blood chemistry did not differ among either species of kangaroo rat from contaminated or reference sites (t test, p Ͼ 0.05, df ϭ 1). Blood chemistry levels (ALT and ␥-glutamyltransferase) and blood indices for deer mice did not differ among contaminated and reference sites (t test, p Ͼ 0.05, df ϭ 1). Alkaline phosphatase was not evaluated for deer mice, because their size prevented obtaining sufficient blood volume for analysis.
Power for detecting differences between sites for pathology parameters was low (5-70%). Although statistical power is a function of sample size, killing more animals would have impaired mark-recapture results. Additionally, animals that were killed were healthy, with minor pathologies, and most blood indices were similar to those available in the literature for wild kangaroo rats. Consequently, collecting more animals to increase statistical power was unlikely to change these results.
DISCUSSION
Maximum groundwater concentrations were 77 mg/L at CBS and 5.5 mg/L at JT1 for TCE [22, 23] and 55 mg/L at JT2 for PCE [24] . Maximum soil-gas levels at these sites were 1.5 l/L of TCE and 0.067 l/L of PCE. For conditions characteristic of desert environments (e.g., low organic and moisture content of porous soils [25] [26] [27] ), we expected higher soilgas levels than we observed. However, EAFB is characterized by 0.6 to 10.7 m of sandy substrate over weathered granitic bedrock [22] [23] [24] . Because the aquifers generally flow below the granite bedrock at these sites [22] [23] [24] , bedrock may form a barrier that prevented volatilized TCE and PCE from percolating through the vadose zone at a high rate [25, 28] .
Density of Merriam's kangaroo rats in other studies ranges from 0.45 to 29 animals/ha [29] [30] [31] . Density estimates at EAFB were similar to those of other studies.
Both ⌬AIC and LR tests support the conclusion that population estimates were lower for Merriam's kangaroo rats at CBS than at CB-RS for fall 2001 (Table 1) . This difference probably was the result of contamination, because no significant population differences were detected in any other season. During multiple evenings in fall 2001, a mammalian predator disturbed traps at CBS. Altered behavior of prey in the presence of predators has been documented [32, 33] and may explain the low capture success at CBS.
Population estimates for Merriam's kangaroo rats were higher for JT-RS than for JT1 in fall 2001 and JT2 in spring 2001 using both LR and ⌬AIC values (Table 1) . Trap success or population numbers at JT2 may have been depressed in spring 2001 during remediation and capping of an abandoned landfill within 300 m of the trap transects. We concluded that human-caused habitat disturbance (e.g., groundwater monitoring, remedial activity, proximity to roads) influenced population estimates at JT2.
Trap success was relatively low in spring 2001. Merriam's kangaroo rats prefer Erodium sp. [34] , which was a major component of primary plant cover in spring 2001, as food. Other studies have shown that in seasons during which natural forage is abundant, baits are less attractive, and trap success declines [15, 35, 36] . Population size can be expected to increase with increased resource abundance. Therefore, maximum annual population size may occur when trap success is poorest, because a surplus of food can cause poor trap success. [17] . c Scelza and Knoll [19] . d Sealander [40] . e California Pathology Laboratory, University of California, Davis (CA, USA). f Paglia [18] .
Hence, the increased adult body mass observed in the present study (Fig. 3) suggests a food surplus, which is consistent with the findings of Fitch [35] . Overall, adult kangaroo rat mass increased in spring 2001 when forage was abundant and trap success was lowest, indicating that the small mammal population may not have been as low in spring 2001 as the data indicated. In addition, population size estimates for fall 2001 were slightly elevated compared to fall 2000, perhaps because of increased reproductive success during spring 2001.
Results of the present study support laboratory findings that no adverse individual health effects result from chronic inhalation of TCE or PCE at the levels detected at EAFB. For example, laboratory rats exposed to chronic inhalation of TCE or PCE at 35 to 700 l/L had no hematological or pathologic effects [37] [38] [39] . According to CPL pathologists, tissue pathologies observed at both contaminated and reference sites were common in wild or older rodents and were not indicative of contaminant exposure. However, to our knowledge, tissue pathologies in kangaroo rats have not been reported previously. Blood chemistry and indices at all sites were within levels observed for wild kangaroo rats or baseline levels developed for laboratory rats, or they were similar between control and reference sites [17] [18] [19] 40] . We did find average ALT levels in kangaroo rats greater than the reported acceptable baseline levels for laboratory rats (Table 3) ; normal ranges for wild rodents in a desert environment have not been established. Alanine aminotransferase serum levels were highly varied among our samples, and kangaroo rats at both contaminated and reference sites displayed elevated ALT levels. Elevated ALT levels are seen in any condition involving necrosis of hepatocytes, myocardial cells, erythrocytes, or skeletal muscle cells and often indicate liver damage or stress. Variation in ALT levels also could be the result of stresses presumably not induced in a laboratory environment (e.g., capture, risk of predation, scarcity of food, intense cold or heat).
Given that site-specific characteristics like granitic bedrock may have decreased the amount of volatilized TCE and PCE percolating through the vadose zone, we found no demographic or pathologic evidence indicating that small mammals were impacted by TCE or PCE at the EAFB sites that we studied. Pathologies detected were common to animals collected from all sites and were probably age-related. We suspect that disturbance or changes in food availability, rather than contamination, influenced the detected population differences.
